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INTRODUCTION: Investigators have hypothesized that consuming pesticide-contaminated well water
plays a role in Patkinson’s

hypothesis.

disease (PD), and several previous epidemiologic studies support this

OBIECTIVES: We investigated whether consuming water from private wells located in areas with
documented historical pesticide use was associated with an increased risk of PD.

METHODS: We employed 2 geographic information system (GIS)-based model to estimate potential
well-water contamination from agricultural pesticides among 368 cases and 341 population con-
trols enrolled in the Parkinson’s Environment and Genes Study (PEG). We separately examined
& pesticides (diazinon, chlorpyrifos, propargite, paraquat, dimethoate, and methomyl) from among
26 chemicals selected for their potential o pollute groundwater or for their interest in PD), and
because at least 10% of our population was exposed 1o them.

RESULTS: Cases were more likely to have consumed private well water and to have consumed it on
average 4.3 years longer than controls {(p = 0.02). High levels of possible well-water contamination
with methomyl [odds ratio (OR) = 1.67; 95% confidence interval (CI}, 1.00-2.78]), chlorpyrifos
(OR = 1.87; 93% CI, 1.05-3.31), and propargite (OR = 1.92; 93% CI, 1.15-3.20) resulted in
approximately 70-90% increases in refative risk of PD. Adjusting for ambient pesticide exposures
only slightly attenuated these increases. Exposure to a higher number of water-soluble pesticides
and organophosphate pesticides also increased the relative risk of PD.

CoNcrusion: Our study, the first to use agricultural pesticide application tecords, adds evidence that
consuming well water presumably contaminared with pesticides may play a role in the etiology of PI.
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Multiple lines of evidence link pesticides as

possible conuributors to the pathogenesis of

Parkinson’s disease {PD}. Many epidemio-
logic studies prlﬁvmusfv rcported associations
between pesticide exposure, rural living, and
farming and the development of PI) (Ben-
Shlomo ec al. 1993; Burguera et al. 1992;
Morano et al. 1994; Svenson et al. 1993).
A nurnber of ammai studies have also sup-
ported a potential etivlogic role of pesticides
in PD (Betarbet et al. 2000; Norris et al.
2007; Sherer et al. 2001; Thiruchelvam et al.
2000, 2002, 2003). The ingestion of con-
taminated deinking water is a potentially
important vehicle for pesticide exposure in
buman populations. Epidemiologic seudies
previously examined links between well-water
consumption and PD, and most provided
support for positive associations (Firestone
et al. 2005; Hancock et al. 2007; Nuti et al.
2004; Privadarshi et al. 2001; Wright and
Keller-Byrne 2005). All existing studies have
relied on self-reports of well-water consump-
tion and used broad ever/never exposure
categories. Such studies may have suffered
from recall bias and exposure misclassifica-
tion. Most importantly, no study to date has
attempted to specify pesticide exposure levels
by assessing or estimating the contamination
of well water with specific pesticides.
Although the Safe Drinking Warer
Act of 1974 was passed to regulate the
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public drinking water supply, private wells
in the United States are not subjece to the
same regulations and thus are not similarly
monitored or held o the same water-quality
standards as are public syscerns. Purthermore,
many private wells are dué or driven at shallow
ds.,p[hs {i.e., « 15-20 yards), which place them
at risk of being contaminared by land activities
such as pesticide applications in the vicinity of
a well (1.5, Environmental Protection Ags.nﬂ'
2002). Pesticides may move from their ini-
tial intended area of application, Investigators
have shown that measurable concentrations
of pesticides have been detected in air, water,
plants, and animals up to several hundred
meters from the application sites (Chester and
Ward 1984; Currier et al. 1982; MacCollom
et al. 1986}, emphasizing the need for meth-
ods to assess environmental exposures due
to drift and contamination of soil, air, and
water in agricubtural communides. Geographic
information system (GIS)-based methods of
assessing exposures to pesticides may prove an
effective solution when comprehensive pes-
ticide-application data exist. We developed
and employed a GIS-based exposure assess-
ment tool to estimate pesticide exposuses from
applications to agricultural crops using data
from California pcstlbids., use reports (PURs),
land-use maps, and geocoded residential
historical addresses (Goldberg et 2l. 2007)
We comtbined this information with data on
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well-water consumption collected in interviews
with srudy participants to estimate exposure
to potentally pesticide~contaminated well
water. [n this study, we investigated whether
consumption of water from private wells
focated in areas with documented historical
agricultural pesticide use was associated with
ait increased risk of PDY among residents of the
Central Valley of California, well known for
its intensive agricultural activities.

Materials and Methods

Study population. We used 2 population-
based approach for recruiting cases and con-
trols from a largely a;'r!culmrii popuht!cm
in California. Details are provided elsewhere
{Kang et al. 2005). Briefly, study subjects
were recruited between January 2001 and
January 2007, resided in Fresno, Tulare, or
Kern County, and had lived in California for
at least 5 years before di')gnmi: or interview.
Cases were recruited within 3 years of diag-
nosis, were not in the lasc stages of 2 ccmunal
illness, agreed o participace, and were con-
firmed as having clinically probable or possible
PD by a University of California~Los Angeles
{(UCLA) moverment disorder specialist. A diag-
nosis of clinically probable or possible PD
was confirmed if patients met the following
criteria: 1) manifestation of at feast cwo of
the following symptoms: resting tremor, bra-
dykinesia, or cogwheel rigidity; 2) no sug-
gestion of a p&)kmmmdn syndrome due to
trauma, brain tumor, infection, cerebro-
vascular disease, other known neurologic dis-
ease, or treatment with dopamine-blocking
or dopamine-depleting agents; 3) no atypical
features such as prominent aculomotor palsy,
cerebellar signs, vocal cord paresis, severe
orthostatic hypotension, pyramidal signs,

'meotmphy or limb apraxia; 4 4 asymmetric
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onset; and 5) if treatment with levodopa had
heen initiated, symptomatic improvement
after treacment. Probable cases met criteria
1 through 4 with or without treatment (cri-
terion 5). Possible cases had at least one <iyn
from criterion 1 and fulfilled criteria 2 and
3. Although sometimes included in cricerion
1, postural reflex impairment was excluded
hecause it usually occurs lare in P and may
typically occur early in other parkinsonian
disordess, such as muldple system atrophy and
vascular parkinsonism. Of the 31 pracricing
local neurclogists who provided care for PD
patients, 28 (90%) assisted in recruiting cases
for this study. We solicited collaboration from
Kaiser Permanente in Qakland, California,
USA, to obtain data from the medical offices
in Fresno, California, USA, Kern Medical
Center in Bakersheld, California, USA, Visalia
Medical Clinic in Visalia, California, USA,
the Veteran's Administration in Fresno,
California, USA, PD support groups in all
three counties, as well as local newspapers
and radio stations that broadeast public ser-
vice announcements. Of the 1,167 PD case
who were initially invited to participate in tht,
study, 604 were not eligible: 397 whose diag-
nosis date fell outside the 3-year range hefore
contact, 51 who denied having received a2 PD
diagnosis, 134 who lived oumdc the tricounty
area, and 22 who were too ill to participate. Of
the 563 eligible cases, 473 (84%) were exant-
ined by 2 UCLA movement disorder specialist
at least once and confirmed as having dinically
“probable” or “possible” PI3; the remaining
30 potental cases could not be examined or
interviewed {54% withdrew, 32% were too il
or had died, and 14% moved out of the area
before the exam or did not honor a scheduled
appointment). We examined but excluded
another 93 paupms because of other causes of
Parkinsonism and 1 case whose diagnosis was
still not confirmed at the time of this analy-
sis. A total of 379 cases were included in the
study; of these, 368 provided all information
needed for the analyses.

Controls who were > 65 years of age were
identified from Medicare lists in 2001, buc
because of the implementation of the Health
Insurance Portability and Accountability Act
{1996), which provides federal protections
for personal health information held by cov-
ered entities, we were prohibited from using
Medicare enrollees as controls. More than 70%
of our controls were recruited from randomly
selected tax assessor residential units (parcels)
in cach of the three counties. We mailed letters
of invitation to a random selection of residen-
tial living units and also attempted to iden-
tify head-of-household names and telephone
numbers for these parcels using the services of
marketing companies and lnternet searches.
We contacted 1,212 potential conerols by
mail and by phonre for eligibility screening.

Weil

Controls were eligible to participate if they

did not have PD, 5} were at least 35 vears
of age, ¢) were currently residing primarily in
one of the three counties, and #) had lived
in California for at least 5 years before the
screenting. Only one person per houschold
was allowed to enroll. A toeal of 457 controls
were ineligible: 409 were too young, 44 were
terminally ill, and 4 primarily resided outside
of the study area. Of the 755 eligible popula-
tion controls, 409 (54%) declined participa-
don, were too ill to honor an appointment, or
moved out of the area before dheir interview.
A total of 346 (46%) controls were enrolled,
and 341 provided all informadon needed for
the analyses.

de collection. Trained interviewers who
were blind to case/control status conducted
structured telephone interviews to obtain
demographic and exposure data from study
participants. Detailed questionnaires that
queried subjects for their lifetime residential
addresses were mailed to subjects in advance
of their interview and were reviewed in person
or over the phone; we asked about the type
of water supply ar each address (public sup-
ply, private well, filtered water, bottled water,
orhcr) All subjects provided informed consent,
and the UCLA Human Subjects Committee
approved all study protocols.

Pesticide exposure assessment. We geo-
coded lifetime residential addresses and esti-
mated ambient pesticide application rates
from agricultural uses (in pounds per acre per
year) within 500 m of each subject’s home by
using a validated GIS-based system that com-
bined California PUR data and land-use maps
(Goldberg et al. 2007; Rull and Rirz 2003). We
cstmu[cd ambient exposure for all historical
residential addresses inhabited between 1974
and 1999, the period covered by the PUR
data. A technical discussion of our GIS-hased
ippr()id) is provided elsewhere (Goldberg et al.
2607). Here we briefly summarize the data
sources and exposure modeling process.

Geocoding residential addresses. Addresses
were automatically geocoded {(MNavTeq 2006)
to TigerLine files (U.S. Census Bureau 2009)
and then manually resolved in 2 multistep
process similar to that described by McElroy
et al. (2003). The resulting locations were
recorded air)né with the rcl,cva,m year range of
residence and matched to the appropriace year-
specific PUR and land-use dara (see below),
For our GIS model we relied on addresses in
Fresno, Kern, and Tulare counties (tricounty
area) between 1974 and 1999 inclusive. Of
the 9,508 total residential years contributed
by cases (26 vears = 368 cases), 7,206 (76%)
years were spent at addresses within the tri-
county area, compared with 6,514 (73%) of
8,866 years contributed by controls (26 vears
x 341 controls). We geocoded these residen-
tial addresses during the period with similar
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precision for cases and controls; both groups
spent 88% of their respective residential years
at addresses we considered to be mapped with
high precision, such as ar the level of a residen-
tial parcel, street address, or street intersection
rather than a ZIP code or city centroid.

Pesticides use reporting and land-use
maps. PURs are collected by the California
Department of Pesticide Regulation (CADPR)
for any commercial a pplicatmn of restricted-
use pesticides (defined as “agents with harmful
environmental or toxicologic effects”™) and,
since 1990, all commercial uses of pesticides
regardless of toxicologic profile. The location
of cach PUR record is referenced to the Public
Land Survey System (PLSS), a nationwide grid
that parccl< ]and into sections at varying reso-
lutions {~ 1 m?). Each PUR record 111dude,
the name of the pesticide’s active ingredient,
the poundage applied, the crop and acreage
of the field, the application merhod, and the
date of application. Because the PUR records
only link agricultural pesticide application to
an entire PLSS grid section, we added infor-
mation from land-use maps to more precisely
locate the pesticide application, as described
in detail elsewhere (Rull and Ritz 2003). The
California Department of Warer Resousces
periodically performs countywide large-scale
surveys of land use and crop cover every
7-10 years, which allowed us to identify the
location of specific crops within each PLSS
grid section. Digital maps from more recent
{1996-1999) surveys are available, and paper
maps were manually digitized for earlier peri-
ods (1977-1995). The 1977 land-use survey
was conducted closese in time to 1974 when
PUR became available. We constructed histor-
ical electronic maps of land use and crop type,
and using the PLSS grid section and crop type
reported on the PUR, we allocated pesticide
applications to an agricultural site to which we
assigned a GIS-based location.

Ambient pfﬁtiﬁ:”:f/{:ﬂ’ exposure estimartes.
Pesticide application rates for individual
chermicals (in pounds of active ingredient per
acre) were summed across PLSS sections by
year; these annual rates were then divided by
the actual area within a 500-m radius around
the home (i.c., “residential buffer”) (Chester
and Ward 1984; MacCollom et al. 1986;
McElroy et al. 2003} to represent the portion
of a chemical application rate that a person
might have been exposed to for the relevant
years of residence. Total annual application
rates were then weighted by the proportion of
treated acreage in the residential buffer using
land-use information, again to more accurately
predict exposure. This resulted in ambient pes-
ticide exposure estimates for each subject for
cach year. We also summed pcmudc apph
cation rates across the 19741999 period to

caleulate 2 26-year cumualative total ambient
pesticide exposure estimate for each subject,
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Selection of pesticides relevant for well-
warer contamination. We sclecred pesticides
from the CADPR Groundwater Protection

List ({CADPR 2009) that includes chemicals
prevlously detected in California groundwater
{n=7), or designated as having the poten-
tial to pollute groundwater and expected to
be detected in groundwarer in California

{m = 62) ({CADPR 2009) based on their solu-
bility, ac’sorprion or half-life. Two pesticides
in the first category (simazine, diuron) and 17
pesticides from the latter category had been
applied in our study areas during the period
of incerest. We selected four additional pes-
ticides {chlorpyrifos, trichlorfon, propargite,
dicofol) that were not named on the CADPR

Groundwater Protection List but were iden-
tified by other states as being a concern to
groundwater because of their high runoff or
leaching potential, which was also based on
their solubility, adsorption, or half-life {Cook
et al. 2008). We also selected three chemicals
of special interest for P (paraquat, maneb,
permethring but whose chemistry did not nec-

essarily qualify them as potential groundwater
contaminants {Ascherio et al. 2006; Brown
et al. 20006; Miller et 2. 1998). In total, 26 pes-

ticides were selected for the analyses (Tablc .

Table 1. Pesticides salected for study, cumulative application rates during the period 1974-199%%in a
500-m buffer around residences with a private well reporied as water supply, reason for selection, and
water solubility.

esrgffﬁie aop! stion Water Pest_fmde exposures from private well

Pesticide Chermical famiiy/use te {ib/acra® Reasor® soluple  7oater. Our estimares of well- vater pesticide

T Fonia fomareide AT ’C SETE 3 Vo exposure were base‘d ona cvombmaticm of pes-

Yinciozotin Dicarhoximice/fungicide 1.82 {<0.01-8.1) 3 Yes “?‘de use and application data and self-reports

Dithiocarbamate/fungicide 11.24 (1.52-169.1) o of private wells as drinking water sources ac a

fyl carhamate/is 0.1 3 Yes residential address. We assumed that private

3 Yes wells were likely to be located within 500-m

3 Yes residential buffers, and chus agricultural pes-

A 3 Ves ticides applied within this area were consid-

Dicofol Orsgnizi?(z]inil,aialicwle 4 No ered a source © f pmemi# COrlt‘aminaEi‘on for

Acephate OP/insecticice 5 Yeg water drawn from the private well. We used

Arinphos-methyl OP/inssctici q Yes our GIS-modeled pesticide application data to

F’*!Drp\/r ifos OPfinsectici 79.97 [« (] 01-884.3) 4 No determine which agent could bave potendally

Diazinon DP/ir 4431 (0.07-2493.0) 3 Yes cantaminated a subject’s well water. We con-

Dimethoate OP/ir 14.47 (< 0.01-437.1) 3 Yes sidered a poccmnﬂy exposed residential year as

Gxa,'demeton-m°=‘.hy! DF/inasctimde 1.3710.06-70.8) 3 Yes cach vear at a residential address that f{)] into

Parathm’n UF/insecticide 57.45(0 D: 1412.3) 3 f}’les the 1 ?)”’4—1999 period and for which a private
DP/mssctimde 7.141{6.07-42.7) 4 Yas s op s .

8331 0.01 174 5) 5 Yes well was reported as the source of Lif{lli{111g

Phor ate 11,42 (742 3 Yes water and calculated the annual level of expo-

Permethrin 0.59 < 0.01-297.3) 1 Na sure for each chemical with our GIS-PUR

Paraquat 19.38 (0,011 58 5) Yas model. Then, we calculated 2 cumularive well-

rlorothalonil 18.8 3 No water exposure measure for each chemical for

o 53.55 (3.69-788.4) 2 Yes the entire 1974-1999 period by summing

Propargite 3484 {<0.01-2115.8] 4 No over the years a pardcipant was presumed to

Simatine 29.83 (1.15-832.8) z Yes have been exposed, thac is the years the pesson

Linuron th!mde 3.93{0.09-55.9) 3 Yes p . . y }
Chloropiciin Unclassified/fumigant, nematicide 6.83 {<0.01-870.9) 3 No had been drinking potentially contaminated

well water, Thus, for the 1974-1999 period,
those who lived at residences that were sup-
plied with warter from a private well were clas-
sified as possibly exposed to pesticides in well
water at a level equivalent o the cumulative
application rate predicted from our model for

#Using data on cumulative pesticide application rates for years during this period when pesticides were appiied. *Basec
on the distribution among controls. 1, of interest to PB; 2, detected by CADPR in groundwater; 3, identified by CADPR or
other agencies as potential grchdwater contaminant; 4, I‘lgh relative runoff or feaching potential.

Tabie 2. Charact
Characteristic

teristics of Parkinson’s Environment and Gene Study population.
n= 368} Controls {n= 341}

DR 1{95% Ch

17 11.001.03) all years exposed {Le., cumulative ambient pes-
0.831062-112)  ticide application rate > 0). Participants were
considered unexposed if they 4} did not report

White 314{65.3) 287185.5) Reference private well water as their source of water for

Nonwhite 54 {147} 4814.4) 183{0.08-1.58) 4 given address during the 1974-1999 period

Black z (':5\ ! (3'2) {including 5.25% of addresses for which data
Latino 46 {12.5 251{8.5)

Asian 211 2174 on water supphf was muissing), &) reported pri-

Native /‘”ﬂﬂman 2 (=H) 03] vate well water as their source of water for a

viven address before 1974 or after 1999, or

B8 (185} 38011.1) ¢} reported private well water use during the

100 (77.23 54{18.8] 1974-1999 period but pesticides had not been

/ 200 {54.4} 239{70.1) applied in the buffer of the reported address

Si‘:‘okmg status o according to our GIS model (i.e., cumulative

::"'::en: 15? )192{ amhi?nt pesticide- applicadon rate = 0).

'N'ev'y 145 2 428) - ‘\?&/"c also considercﬁd a second exposure clas-
Firsi-cegrae relative with PO 38{11.1) 17 sification that combu‘led information about
Ever had private well water? 234 {F8.5) 121{0.62-180)  pesticide exposures from ambient sources
Total years used well water {mean = SDi¢ 140+ 100 and ingestion of well water, and compared

subjects who were unexposed (no well-warer

Values are number {%) except where indicated. )
use and no ambient exposure) with subjects

4 ifetime. Years represent 1974-1969 data.
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who were ambiently exposed only [no well-

water use during 1974-1999, but pesticides

were applied near the residence(s)}; and ambi-

ently exposed and well water was their sousce

of drinkiné water for all or a portion of the
19741999 time period.

We individually examined from the lise
of 26 selected chemicals the 6 pescicides for
which at least 10% of our population were
ambiently exposed (diazinon, chlorpyrifos,
propargite, paraquat, dimethoate, and meth-
omyl). For suh}eas suspected of having been
exposed to pesticides via well water, we Cl‘f.ﬁtﬁd
categories of any exposure versus no exposure,
and high and low exposures versus no expo-
sure (with exposure categories based on the
median values of possible pesticide exposure in
the well water of controls), We also examined
combined exposure measures according to
the number of pesticides applied from chhm
two chemical classes in our list of 26: organo-
phosphate (OF) pesticides (10 total; grouped
as 5-10, -4 vs. 0) and AM-methylearbamate
pescicides {4 total; grouped as 3-4,

12 vs, 0; Table 1), Similarly, we examined
pmslb]c EXPOSUTE [0 Water-so ub e pcstjc}dcs as

Weil

well water consumption and PD, adjusting for
age {continuous), sex, education (< 17 years,
12 years, > 12 years}, race/ethnicity (white, non-
white}, family history of P} {yes, no in first-
degree relative), and smoking (never, former,
carrent). In additional models, we adjusted for
ambient exposure to the pesticide in order to
examine the risk associated with consumption
of potentially contaminated well water after
controlling for the contribution of ambient
exposure to the pesticide. Because adjusting for
occupational exposure [using a joh-expasure
matrix (JEM) to estimate occupational pesti-
cide exposure] did not appreciably change our
results (ORs adjusted for occupational expo-
sure to pesticides as estimated with the JEM
were not more than 5% different chan ORs not
adjusted for occupational exposure), we opred
for a more parsimenious model and did not
adjust for occupational pesticide exposure in
our final model. We analyzed separately each
of the six individual pesticides listed above and
also examined the rotal number of water-solu-
ble, OPF, and N-methylcarbamate pesticides and
all pesticides together. We conducted tests and
report p-values for trend using ordinal variahles

water, pesticides, and Parkinson’s disease

controls during this period {Table 2) and
reported drinking well water on average 4.3 (of
the 26} years longer than controls (p = 0.02).

Consumi no well water presumably contaro-
inated at any level by one of the six pesticides
that we exa mmed separately was associated
with PD, but only for diazinon did the 95% C1
exclude the null Vaiuc of 1 (Table 3). However,
high levels of possible conramination resulted
in 31-90% increases in risk compared with no
well water contamination, with stronger asso-
clations seen for methomyl (OR = 1.67; 95%
CI, 1.00-2.78}, chlorpyrifos (OR = 1.87; 95%
Cl, 1.05-3.31), and propargite {OR = 1.92;
95% CI, 1.15-3.20). Only for diazinon in well
water was the dose response reversed; that is,
lower rather than higher levels of possible con-
tamination with diazinon resulted in greater
increases in risk of PD (Table 3). Adjusting for
ambient pesticide exposures only stightly acten-
uated all well water pesiicide offect cstimates,
with the largest change seen for propargite.

For all six pf:smcldes examined individu-
ally, PD risk associated with possible contam-
ination of well water and ambient exposuares
{19-75% relative increase) was greater than

a group (19 total; grouped as 10-17, 1-9 vs.  for pesticide use. All analyses used SAS version  the risk associated with ambient exposures
: no one was exposed to all 19) and all pesti- 9.1 (8AS Institute Inc., Cary, NC}. alone (15-57% relative risk increase; Table 4),

cides as a group (20 total; grouped as 12-24,
111 vs. 0; no one was exposed to all 26}. For
the combined measures (pesticide chemical
classes, water-soluble pesticides, all pesticides),
we followed our definition of well-water pes-
ticide exposure described above and counted
subjects as exposed to an individual pesticide
if the application rate was greater than 0 and
unexposed if application rate was 0.

Statistical analyses. We used muldvariable
anconditional logistic regression methods to
calculate odds ratios (ORs) and 95% con-
fidence intervals (Cls) to assess associations
between possiblé exposure to pesticides from

HResults

Study pardicipants were predominandy
Caucasian, > 05 years of age, and without a
family history of P (Hb 2). Cases were
Elghdy older than controls, were more likely

to be male, and had complered fewer years of

education. They were also more likely to have
never smoked cigarettes.

In our population, 16.9% of all subjects
reported private well water as their drinking
water source some time dusing the 1974-1999
period. Cases were more likely o have con-
sumed water from private wells than were

Tabie 3. Relative risk of PD from potential exposure to individual pesticides in well water,

also mdlcatmg that for most of these agencs
ambient exposure only still increased the risk.
Our combined estimates suggested that
a higher number of water-soluble pesticides
presumably contaminating well water increased
the risk of PD (Table 5). @peciﬁcﬂ]v, subjects
exposed to 2 12 of the 26 pesticides included
in the study or = 10 water-soluble pesticides
experienced a 66-08% greater relative risk.
Also, subjects potentially exposed to the grear-
est number of OP pesticides in presumabiy
contaminared well water experienced relative
risk increases of similar magnitude (71%), and
we found a trend with increasing numbers

Exposure vs. no exposurs Low or high exposure vs. no exposure?
Exposure level Cases/ controls DRY(95% L1 Exposure level Cases/ controls ORE(95% CI) (RC{95% Ch
i 295/30G None itk 1.0 {reference)
73/4% Low 2.00{1.14-3.50)
High 2 5 ]
Dimethoate ion None 29
Any Low 3
High 45 .
Methomy 290/288 None 256 181
78/53 Low 28/2 .85 (€
High 52/2 1.67
Chlorpyrifos 301/300 None 301/300 1.6 (e '
Any 87/41 Low 25/2% 1.05 {0.56-1. 9 )
High 42/20 1. d7 {1.05-3. 31)
Propargite None 291/288 1.6 {reference) None 791/288 0 (
Any 77/53 1.311{0.86-1.95) Low 22127 7340
High 55/26 1.84{1.07- 3 ”)
Paraquat Mong 289/281 G lreferencs) Mone 288/281 1.8 {reference)
Any 78/60 HG {0.75-1.83) Low 32/30 0.89{0.51-1.54)
High 47/30 1.2610.72-2.20)

#Based on median value in controls 1o distinguish betwaen low and high exposure lavels. 2Adjusted for age, race, sex, education, and fami
ztes and ambient pesticide exposure.

y hismry of PO. ”Adjusted for above covari-
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of OPs {p-trend = 0.04). However, possible
contamination with multiple chemicals in
the N-methyl carbamate class only slightdy
increased the risk of P, if at all {(the 95% Cls
included che null), and we observed no trend
with increasing numbers.

Because we noted greater estimarted effect
sizes for diazinon and chlorpyrifos when these
pesticides were examined individually, we
were concerned that the observed increases in
PD risk for water-soluable OP dasses of pes-
ticides could have been mainly due to these
two pesticides. Thus, we examined the water-
soluble class after removing diazinon, and the
OP class afeer removing both chlorpyrifos
and diazinon, and found that the associations
persisted. For the OPs, the OR for possible
exposure in well water to 1 to 3 pesticides
in this class was 1.07 (95% CI, 0.66-1.76),
and for 2 4, the OR was 1.90 (1.07-3.03;
p-trend = 0.04). For the water-soluble pesti-
cides, the OR for possible well-water expo-
sure to 1 to 8 pesticides in this class was 1.06
{95% CI, O 65 1 72‘3 ané for > 8, the OR
was 1.63 {
0.08). "ﬂu,sc msulrs suggest tbat rhc associa-
tion: between PD and the water-soluble or OP
classes of pesticides investigated in this study
is not dominated by [ or 2 specific chernicals.
Rather, exposure to 2 number of these types
of pesticides in water may increase PD risk.

Discussion

Our study population resides in a largely agri-
cultural region of Central California with doc-
umented historical pesticide use since 1974.

Tabie 4. Relative risk of PD from potential inhala-
tion and ingestion of pesticides.

Cases/

controls  ORZ{95% Cl}

10\;/18‘; 1. PfP!’PnCP]

=

Z 27?1

..7.2(1,1,5—2.6;,1

14711 1.0 {reference)

tpesticide only  143/123 { 1.72)

tand well water  78/53 A41(0.81-2.18)
Hlorpyrifos

sxposed 186/210 1.0 {reference)

nesticide only 115 12 {1.00-2.011

Ambient and well water 87 3{1.684-2.57)

Propargite

Unexposed 152/164 1.0 {reference)

Ambient pesticide only  138/124 124 {0.88-1.75)

Ambir nd well water  77/53 1.45(0.84-2.23)

1.0 {reference)
1.151{0.82-1.62)
1.19{0.77-1.83)
Adiusted for age, race, sex, education, and family
history of P,

e i
and well watsr
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We found that potential exposure to pesticides
from consumption of drinking water from pri-
vate wells suspected to be contaminated with
diazinon, methomyl, chlorpyrifos, propargite,
or dimethoate in the 1974-1999 period was
associated with an elevated risk of PD. High
levels of possible well water contamination
with methomyl, chlorpyrifos, and propargite
resulted in appmmm')rdv 70909 increases
in relative risk of PD compared with residents
without such exposures from well water. For
paraquat, the well water and ambient rela-
tive risk estimates were generally small and
uninformative, which might be explained
by our previeus observation that exposuse to
paraquat may require coinciding marneb espo-
sure to incremse PD risk (Coseello er al. 2009).
Paraquat was examined in this study because
of its interest to PD, and we recognized that
its physical properties, including low water
solubility and high adsorption, make it less
likely to contaminate groundwater. Thus, we
expected lowes well water relative risk esti-
rnates for this pesticide compared with others
examined in this study.

We also found that adjusement for ambi-
ent sources of pesticide exposure {i.e., inhala-
tional, ingestional, or skin absorption routes
of exposure} slightly atteniated but did not
eliminate the observed associarions for possible
well water contamination. The PD refative risk
associated with 2 combined exposure to pesti-
cides in the environment and in presumably
contaminated well water was greater than th’{t
associated with ambient exposure alone. These
results suggese that, whereas exposure to the
selected pesticides in the environment alone
increases the relative risk of PI (20-509%),
exposures from consumption of putenmaﬂy
contaminated well water may confer some
additional, independent risk above ambient
exposuire.

Furthermore, consumption of well water
presumably contaminated by a greater num-
ber of pesticides, specifically water-soluble

pesticides or chemicals belonging to the OP
class, further increased the risk of PID. Besides
inhibiting aacryhhohns seerase (Milatovic et al.
2006; @mgb and Aoarwal 1983), carbamate
{Zhou et al. 2004) —,{I’id OPF (Sharma et al.
2005} pesticides are suspected to be involved in
the etiologic pathway leading to PD, for exam-
ple, by disturbing redox processes chat inhibit
antioxidant enzymes, thus enhancing Hpid pes-
oxidation and oxidative stress (Lukaszewicz-
Hussain 2008} or inhibiting the proteasome or
mitochondrial function in neurons.

Studies spanning two decades have exam-
ined the association between well water expo-
sure and PD. Many of these studies were small,
that is, included fewer than 100 cases (Marder
et al. 1998; Morano et al. 1994; Smargiassi
et al. 1998; Wang et al. 1993; Wechsler et al.
1991; Wong et al. 1991); all relied on self-re-
ported well water consumption to define ever/
never exposure groups, and none attempted o
assess levels of general or specific pesticide con-
tamination in well water. Most of these stud-
fes reported small relative increases in PD risk
from ever being exposed to well water {ORs
ranging from 1.02-2.8), and several found no
associations (Chan et al. 1998; Golbe er al.
1990; Gorell et al. 1998; Hertzman et al. 1994;
Marder et al. 1998; Tanner et al. 1999) or
even reported protective associations {McCann
et al. 1998; Wang et al. 1993), perhaps due
to the absence of a rtoxic agent in the well
water consumed in these study populations.
Several studies included both rural and urban
populations, and some of the wells may not
have been located in areas where agricultural
chemicals could have contaminated them. In
fact, several authors noted that the introduc-
tion of chemicals co agricultural practices was
a recent phenomenon in their study arcas {De
Michele er al. 1996; Liou et al. 1997; Tanner
et al. 1989) and doubted that the period when
pesticides may have contaminated well water
would have been relevant to initiation of dis-
ease among the subjects they studied.

Tabie 5. Belative risk of PD from potential exposure? to pesticides in well water by chemical family or

water solubility of pesticide.

Pesticide family or water solubility/number exposed ORE(95% i p-Trend
Water soluble pesticides (n:: 19
2731275
43/39
52/27 0.07
pesticides (=10}
772/277
36/33
> 60/31 0.04
N-Methyl carbamate (= 4)
0 281 /282
1-2
>3 0.25
Al pesticides (= 25)
270/273
36/35
62/33 0.06

Based on exposed/unexposead ciassification. PAdjusted for ag
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It is possible that one or more of the asso-
clations we report here do not reflect an etio-
logic contribution of the particular pesticide
to PID risk, per se, but rather that the pesticide
we suspected o have contaminated the well
water consumed by our populacion acted as
a surrogate measure for another unidentified
pesticide, that is, other pesticides in use that
are strongly corselated with the pesticide we
examined. Exposure to mixtures of chemi-
cals is a problem inherent in the assessment of
exposure in humans. Among the 26 pesticides
purposefully selected for pur study, several
were generally coapplied. For the six pesti-
cides we individually examined, for example,
among subjects who were ambiently exposed
to chlorpvrifos at their residences, 80% were
also exposed to diazinon and 91% to paraquag
of subjects ambiently F‘xpmed to paraquit
73% were also exposed to diazinen,
methomyl, and 80% to propargite. T Em:, it
wsm also impossl’olﬁ‘ to estimate the effects for
all of the six pesticides together in the same
model, thar is, to estimate the effect for one
chemical while adjusting for all others. To
avoid issues of mulriple testing as much as
possible while still evaluating the most relevane
water contaminants, we restricted the pesti-
cides selected for analyses to those with a high
probability of being found in groundwater,
based on their physical properties/chemistry
and using the CADPR list of pesticides previ-
ously detected in groundwater or recognized
as potendal groundwarter contaminants as a
guide. Nevertheless, we cannot rule out that
some of our findings might be due to chance.

It is also possible that well water in rural
locations may be contaminated with mul-
tiple agricultural and industrial agents and
metals, in addition to pesticides. DeMichele
et al. (1996) noted that farming practices
and exposure to chemicals vary from area to
area as a possible explanation for diverging
results in the lieerature. To our knuwicrgc,
no previous study of PD has estimated pes-
ticide residue contamination hiscorically in
drinking water; we are the first to implement
a semiguantitative approach to estimating
pesticide exposure. Our well water pesticide
exposure estimates do not exclusively reflecr
exposure from water ingestion alone because
the suspected contamination was derived
from data on applications in proximity of
wells supplying water to residences, and these
same chemicals were likely also air and soil
contaminants. However, we did adjust and
possibly may have even overadjusted for
ambient pesticide exposure in our models,
and found minimal attenuations in our well
water risk estimates; that is, the associations
for most chemicals remained after adjust-
ment. An additional limitation is that our
models for water contamination did not take
into account some geologic factors such as

% to

Wel

soil quality, groundwater depth, and direction
of groundwater flow that could influence the
likelibood that a pesticide reaches the water
drawn from private wells. Thus, our pesti-
cide well water exposure estimates may not
completely reflect actual levels of exposure ro
pesticides from consuming well water.

Our study is unique among those that
have examined PD risk from well water
consumption in that we used existing his-
torical California PUR data, which we com-
bined with land-use maps to derive pesticide
application rates for the study area over an
extended period. Thus, our well water pesti-
cide exposure measure is an estimate derived
from our GIS models: we did not sample well
water to directly measure actual current or
historical pésdcide levels. Rajpat et al. (1987)
found no differences in concentrations of sev-
eral metals in samples taken from wells that
provided drinking water to PD cases and con-
trols in Canada. However, given that well
water sampling in that study was performed
at the time of PD diagnosis, measured levels
may not have accurately reflected contamina-
tion during the critical exposure window for
PD years or decades before diagnosis,

In an attempt to validate our model
for well water pesticide contamination, we
obrained domestic well wacer sample data
from the CADPR; the agency analyzed these
samples for multiple chemicals on 2 non-
routine hasis for nearly three decades {1980
to present). The current database contains
> 95,000 records from approximately 9,300
domestic wells located in aboutr 4,100 town-
ship range sections throughout California, and
lists as detected ahour 200 possible pesticide
active ingredients and breakdown produces.
‘mmpimo however, did not follow any stan-
dardized schedule and was not performed
rﬂmcomly for all private wells. When we cross-
referenced the CADPR data with addresses
for our study subjects, data on testing for and
detecting pesticides were available for wells
located in the same cownship range section as
a residence for no more than 20 cases and 17
controls and for 2 total of nine pesticides. For
two of the more common pesticides identified
{(simazine and diuron), our GIS models had
identified approximately 7.5% of the study
population as being ambiently expoqea‘ We

cross-tabulated C ADPR detccuom {yes, no/
nondetect) with our ambient exposure meas-
ures {yes, no) and found moderate concor-
dances. For simazine, our model-predicted
exposures corresponded with the CADPR
detections 63.5% of the tme; for diuron, it
was 63%. However, it is not possible to know
whether the wells sampled by CADPR were
the same wells from which stady subjects had
drawn their drinking warer.

Our study represents a signiﬁca_ilt improve-
ment over other previous studies (Ascherjo
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et al. 2003; Marder et al. 1998; Morano et al.
1994; Smargiassi et al. 1998; Wang et al.

3; Wechsler ec al. 1991; Wong ecal. 1991)
in rh&r we did not have to rely on study sub-
jects” recall of their own pesuudk use to derive
exposure estimates, a proc lure criticized for
its potendal to introduce differential expo-
sure misclagsification bias if cases and controls
recall differenty. An addidonal strength of our
present study is that all of our PD diagnoses
were clinically confirmed by a study move-
ment disorder specialist, and thus we expect
our results to be only minimally affected by
discase misclassificarion.

In conclusion, our study, the first of its
kind to apply a semiquantitative approach to
estimating pesticide exposure in well water,
contributes evidence that consumption of well
water potentially contaminated with pesticides
may play a role in the ediology of PD.

CORRECTION
In Table 2 of the manuscript originally
published online, values for “Ever had a
private well” were incosrect. They have
been corrected here.
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